We reported electrical circuit modeling to analyze the optical performance degradation in an ion-doped liquid-crystal (LC) cell, which exhibited advantages, such as excellent optical performance and simple switching process, but suffered from long-term reliability issues. When an electric field was applied to the cell for an extended period of time, the optical performance became nonuniform, and the haze in the opaque state decreased. By measuring the impedance and fitting the measured data by using an equivalent circuit model, we confirmed the changes of the parameters in the electrochemical impedance spectroscopy and electrophysical properties of the ion-doped LC cell with time. According to the measurement of the optical and physical characteristics, the optical performance degradation was caused mainly by the ionic materials.
Introduction
Recently, light-shutter technologies, such as liquid crystals (LCs), electrochromic materials, and suspended particles, have been actively studied for automotive, architecture, outdoor, and display applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Among them, the LCs have attracted considerable attention because of their promising characteristics, including the ability to control the haze [2] [3] [4] [8] [9] [10] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Various LC light-shutter technologies have been intensively studied, such as polymer-dispersed [2] [3] [4] , polymer-stabilized [12, 17, 18] , cholesteric [4, 8, 9] , phase-grating [13, 16, 20] , and ion-doped [14, 15, 19] LCs. Among them, the ion-doped LC cell has various advantages, such as excellent optical performance and a simple switching process [15, 19] . It can provide a haze-free transparent state because it does not contain a polymer structure. Moreover, the haze in the opaque state is very high, owing to the strong scattering of the incident light by the electrohydrodynamic instability without polymer structure or complicated patterned electrodes [18, 19] . Furthermore, it is switchable between the three states-the initial transparent, haze-free opaque, and high-haze opaque states-simply by changing the applied voltage without complicated switching process or patterned electrodes [19] . Despite the excellent optical performance, the reliability of the ion-doped LC device remains a critical issue.
The behaviors of ionic materials in LC cells have been extensively studied to increase the performance of display devices [21] [22] [23] and the dynamic scattering effect [24] [25] [26] [27] [28] . The behavior of ions under an applied electric field and ion accumulation at the alignment layer has been studied because they can influence the optical performance of an LC display and may lead to image sticking, image flickering, and reduced voltage holding ratio [21, 23] . A light shutter based on an ion-doped LC cell can suffer from reliability issues, such as a decrease in haze and uniformity, in the opaque state. The mechanism of the electrohydrodynamic instabilities in the LCs has been investigated through several theoretical and experimental approaches [28] . However, studies about the long-term reliability issue in an ion-doped LC cell is still necessary for light shutter applications. To overcome these critical issues caused by the ionic materials, investigation of the changes in the optical and physical parameters during performance degradation is essential.
In this study, we analyzed the optical performance degradation of an ion-doped LC cell by electrical circuit modeling. When an electric field was applied to the cell for a long time, the cell exhibited a decrease in haze and the presence of nonuniformity. The degradation may be caused by complicated mechanisms related to the materials, such as the LC mixture, ionic material, and alignment layer. To analyze the degradation with time, we fabricated an ion-doped LC cell and measured the haze and impedance. Impedance and dielectric spectroscopic analyses were carried out to extract the impedance parameters, such as the resistance and capacitance of the LCs and physical parameters of the ionic materials in the bulk regions and near the alignment layers [29] [30] [31] [32] [33] [34] [35] . With the increase in time under the applied electric field, the LC cell exhibited nonuniformity with the decrease of the haze, capacitance of the LC cell, and thickness of the diffusion layer, along with the increase of the resistance of the LC cell and surface concentration of the ions. We expect that the measurement of the optical and physical characteristics can be used for the analysis of the optical performance degradation in the ion-doped LC cell. This could provide an effective analysis method to improve its reliability.
Measurement Setup and Cell Fabrication
To analyze the degradation issue, we measured the optical and physical characteristics of the ion-doped LC cell as a function of time. For the measurement of the optical characteristics, we used a haze meter (HM-65W, Murakami Color Research Laboratory, Tokyo, Japan). For the measurement of the physical characteristics, we used an inductance-capacitance-resistance meter (LCR-817, GWINSTEK, Taipei, Taiwan), which covered the frequency range from 12 Hz to 10 kHz. All measurements were carried out by applying a voltage of 0.3 V to the LC cell at 30 °C.
To evaluate the changes in the ion-doped LC cell with time, we fabricated an LC cell by using a mixture of negative LC, dichroic dyes, and ionic materials. We mixed a negative nematic LC (BHR28300-400, Δn: 0.230, Δε: −9.3, Bayi, Beijing, China) with 0.1 wt % of an ionic material (tetrabutylammonium bromide, Sigma-Aldrich, St. Louis, MO, USA) and 2 wt % of a dichroic black dye (X12, BASF, Ludwigshafen, Germany) [15, 19] . The negative nematic LC is in the nematic phase for temperatures between −40 °C and 88 °C. The top and bottom substrates were coated with a homeotropic alignment layer (SE-5662, Nissan Chemical, Tokyo, Japan). The cell gap was maintained at 10 μm by using silica ball spacers. The electrode area was 625 mm 2 .
Experimental Results and Discussion

Change in the Optical Characteristics of the Ion-Doped LC Cell
The degradation of the ion-doped LC cell was caused by the non-uniform turbulence in the LC cell. Figure 1 illustrates the structure and operation principle of the ion-doped LC cell. Black dichroic dye was used to achieve black color through light absorption. Ionic material was used to control the haze through light scattering. In the initial transparent state, the LC and dye molecules were aligned perpendicular to the two substrates. The turbulence is generated by the electrohydrodynamic instability caused by the behavior of the ionic materials under an applied electric field [24] [25] [26] [27] [28] . In the opaque state, the incident light was strongly absorbed, because most of the dye molecules were oriented parallel to the substrates and were strongly scattered by the randomly distributed negative LCs with small domains [15, 19, 28] . Under the long-term operation, the distribution of the haze became less uniform because of the non-uniform turbulence caused by the ion accumulation at the surface of the electrodes with time. The white and red regions in the schematic represent the normal and degraded regions, respectively. In the degraded region of the LC cell, the turbulence weakened as time went on because of ion accumulation at the electrode surface. When the applied electric field was removed, the LCs returned to the initial transparent state. However, the non-uniform turbulence still existed when the electric field was applied again. We analyzed the long-term reliability of the fabricated ion-doped LC cell to evaluate its degradation. The amplitude and frequency of the applied voltage wave were set to 60 V and 100 Hz, respectively. Figure 2 shows photographs of the fabricated LC cell in the opaque state. They were taken by placing it on top of a white backlight without polarizers. The fabricated LC cell exhibited a uniform opaque state in the beginning. However, the opaque state of the fabricated LC cell became nonuniform with time. It exhibited a nonuniform opaque state, changing with time, as shown in Figure 2 . We believe that the shape of the bright pattern is related to complicated mechanisms, such as the position of the silica ball spacers and the cell gap difference. Further study is needed to understand the observed patterns. To evaluate the changes in optical characteristics, we measured the haze of the fabricated iondoped LC cell in the time range of 0 to 20 h. In the measurement, the amplitude and frequency of the applied voltage wave were set to 60 V and 100 Hz, respectively. Figure 3 shows the measured haze and photographs of the fabricated LC cell. Initially, the LC cell was in a transparent state. The haze increased with applied voltage through the electrohydrodynamic instability. The degraded iondoped LC cell exhibited a nonuniform opaque state. As shown in the photographs of the fabricated cell, the degraded region was brighter than the normal region. We measured the haze in each region of the fabricated LC cell. The measurement points are marked as dotted circles in the photographs of the LC cell in the opaque state. In the dark region of the degraded ion-doped LC cell, the measured haze was 98.2% with a small deviation over time, as shown in Figure 3a . However, in its bright region, the haze was 97.9% at t = 0, which decreased to 91.9% at t = 20 h when the applied voltage was 60 V, as shown in Figure 3b . To evaluate the origin of the decreased haze in a degraded ion-doped LC cell, the cell was observed by using polarized optical microscopy (POM) at the boundaries between the normal and degraded regions, as shown in Figure 4a . When the cell was in the turbulent state, the POM images show patterns corresponding to the "dynamic scattering mode" [36, 37] . In this state, molecular orientation of the LCs shows a disordered structure, and the domains move randomly and dynamically [36] . The turbulence resulted in light scattering, and the haze increased as the applied voltage was increased. In the normal region, we can observe the turbulence when the applied voltage is higher than 7.5 V. On the other hand, the turbulence was not observed in the degraded region, as shown in the POM image of Figure 4b , when the applied voltage was 7.5 V or 10 V. When the applied voltage was higher than 20 V, we can observe the turbulence in the degraded region. The strength of the turbulence can be confirmed through the brightness in the POM image. The stronger the turbulence, the darker the POM image because of light scattering [36] . When the applied voltage was higher than 20 V, we observed higher density of small disclination loops and darker images in the normal region than those in the degraded region. Through the POM images, we observed strong turbulence in the normal region of the POM image and weak turbulence in the degraded region. However, further study about the reason for the sharp boundaries between the normal and degraded regions is needed. We assume that the changes in the optical characteristics were caused by a decrease in the number of mobile ionic molecules in the LCs. Ionic molecules in the LCs accumulated near the surfaces of the electrodes with time. When the number of accumulated ionic molecules near the surface of the electrode was increased, the number of ionic molecules in the bulk region of the LCs was decreased, which led to decreases in the current, turbulence, and haze.
Change in the Impedance of the Ion-Doped LC Cell
To analyze the variations in optical characteristics, we measured the impedance of the fabricated LC cell. The LC cell can be modeled as a parallel combination of a resistance Rcell and capacitance Ccell. By measuring the impedance, each element of the equivalent circuit can be estimated. To study the variations in physical characteristics under the operation voltage, we measured the impedance of the fabricated LC cell over time and extracted the values of Rcell and Ccell. After operation for 20 h, Rcell increased from 32.4 to 141.4 kΩ; however, Ccell decreased from 20.8 to 2.55 nF, as depicted in Figure  5 . The increase in resistance and decrease in capacitance could be related to the decrease in the haze. The decrease in the number of mobile ions decreased the current in the LCs and hindered the formation of space charges near the electrode. For a more detailed analysis, we carried out impedance spectroscopy to observe the changes in the degraded ion-doped LC cell. Impedance spectroscopy is a useful method for the analyses of the mobile charges in both the bulk and interfacial regions. The overall impedance including the complex resistance can be expressed as
,
where Zr and Zi denote the real and imaginary components, respectively. The measured impedance can be modeled as a combination of resistance Rcell and capacitance Ccell. By using the measured impedance spectra, each component of the equivalent circuit, such as the resistance and capacitance, can be estimated by the numerical fitting. Several equivalent circuits for LC cell modeling have been reported [32] [33] [34] [35] [38] [39] [40] [41] [42] . Sprokel has introduced an equivalent circuit model for the low-frequency behavior, including the LCs capacitance and resistance, and electrical double-layer capacitance induced by the space charges near the electrodes. The LC cell can be modeled as a series arrangement of double-layer capacitance with the parallel combination of resistance and capacitance of the LCs [38] . For the ion-doped LC cell, the impedance change in the low-frequency regime can be added to model the effects of the ion drift and diffusion. Belyaev and Drokin have added a Warburg diffusion element to the equivalent circuit model of the LC cell to model the diffusion [32, 33] .
First, we measured the impedance of a pure LC cell in the frequency range of 12 Hz to 10 kHz and used an equivalent circuit model with the electrode resistance RCR in series with the parallel combination of bulk LC resistance RLC and bulk LC capacitance CLC, as depicted in Figure 6a . We fitted the measured impedance spectrum (empty circle) by using the equivalent circuit model and obtained the impedance spectrum (solid line) in the frequency range of 0.1 Hz to 100 kHz, as shown in Figure 6b . With the decrease in frequency, the impedance of the pure LC cell, which represented the resistance of the LCs, increased to 21.44 MΩ, whereas the phase angle decreased to almost zero. With the increase in frequency, the impedance of the pure LC cell, which represented the resistance of the electrodes, decreased to 133.6 Ω. The extracted RCR, RLC, and CLC were 133.6 Ω, 21.44 MΩ, and 2.098 nF, respectively. Second, we measured the impedance of the ion-doped LC cell in the frequency range of 12 Hz to 10 kHz. The ion-doped LC cell exhibited a considerably lower impedance than that of the pure LC cell, as shown in Figure 7a , owing to the increase in current by the ionic materials, which increased the conductivity of the LCs. In the frequency range of 100 Hz to 1 kHz, the impedance of the iondoped LC cell exhibited a quasi-constant plateau [34] . The measured impedance increased over time, which implies that the current attributed to the ionic materials in the LCs decreased. With the increase in time, the quasi-constant plateau shifted to lower frequencies, which can be confirmed by the phase angle, as shown in Figure 7b . Peak frequency fpeak of the phase angle was considerably higher than that of the pure LC cell and decreased over time. In the impedance spectrum, fpeak corresponded to a large increase in imaginary impedance Zi, which represented the reactive components of the LC cell. The behavior of the ions under the applied electric field could be confirmed by the capacitance and dielectric-loss tangent spectra. The dielectric loss represents the power dissipated by an alternating-current (AC) electric field in the dielectric material, which can be parameterized in terms of tan δ = / ′′. When the polarity of the external field changes sufficiently slowly, such that the mobile ions move toward the oppositely charged interface, the dielectric loss tanδ reaches the maximum at the frequency fpeak. In this regime, a space charge is formed near the electrode, and the capacitance of the cell is increased [29, 33, 34, [42] [43] [44] .
To evaluate the characteristics of the ion behavior in the LCs when a low-frequency electric field was applied to the fabricated LC cell, we analyzed the frequency dependences of the measured capacitance and dielectric loss tangent. As shown in Figure 8a , Ccell increased at frequencies below fpeak because of the screening of the internal electric field in the measured LC cell by the space charges near the electrodes. At frequencies above fpeak, Ccell exhibited a small deviation regardless of the dopants or time. As the frequency was too high, the polarity changed too rapidly for the ions to respond; thus, space charges were not formed near the electrodes. Moreover, the dichroic dye and ionic materials did not significantly affect the capacitance of the LCs [33, 34] . With time, Ccell also decreased, which explains the decrease in the concentrations of space charges near the electrodes, owing to the decrease in the content of mobile ions. We can confirm the ion behavior in the LCs by the decrease in fpeak, as shown in Figure 8b . In this regime, when the polarity of the electric field was maintained, the ions traveled a distance d between the electrodes during transit time ttr. Ion mobility µ can be expressed as [29, 44] 
where v is the drift velocity of the ions, E is the electric field intensity, fpeak is the frequency of the maximum value of the dielectric-loss-tangent spectrum, V0 is the effective voltage across the electrodes of the LC cell, and / is the attenuation coefficient measured under an applied voltage, in which CDL represents the double-layer capacitance governed by the space charges near the electrodes [33, 35] . The ion mobility is related to the diffusion coefficient by the Einstein relationship, ,
where e is the elementary charge, kB is Boltzmann's constant, and T is the temperature (expressed in Kelvin).
To model the ion-doped LC cell with an equivalent circuit, ion drift, and diffusion need to be considered. Each component of the equivalent circuit, such as the resistance and capacitance, can be estimated by using the measured data and combination of the three previously introduced elements, the resistance, capacitance, and Warburg impedance [32, 33] . Based on these circuit elements, we propose an equivalent circuit for the ion-doped LC cell, as shown in Figure 9a . When the equivalent circuit model shown in Figure 9a is applied to a pure LC cell, the effects of ZW and CDL can be neglected. Because the impedance of an LC cell is not affected by the ionic impurities, a pure LC cell can be modeled with an equivalent circuit shown in Figure 6a . ZW is the generalized finite-length Warburg impedance [34, 35] , which can be expressed as 
where the coefficients Wsr and Wsc can be expressed as
√ ,
where ω is the angular frequency, R is the gas constant, T is the temperature (expressed in Kelvin), NA is the Avogadro's number, F is the Faraday constant, A is the surface area, ns is the surface concentration of the ions, D is the diffusion coefficient of the mobile ions, and δN is the thickness of the Nernst diffusion layer [33] [34] [35] . Figure 9b shows Nyquist plots of the measured (empty circle) and fitted (solid line) impedance spectra of the equivalent circuit shown in Figure 9a . The Nyquist plot is a parametric plot of the frequency response. In the Cartesian coordinates, the x-and y-axes represent Zr and Zi, respectively. The empty circles show the measured data, while the solid line represents the fitting with the equivalent circuit. In the high-frequency regime, the ion drift and diffusion could not affect the impedance because the polarity of the electric field was not maintained. The Warburg impedance and double-layer capacitance were negligible. Moreover, the resistance and capacitance of the LCs were also negligible because of the displacement current. Therefore, the parallel combinations of RLC and CLC, CDL, and ZW could hardly affect the impedance and, thus, the measured impedance represents RCR. When the frequency was decreased, the Warburg impedance and double-layer capacitance were still negligible. To consider the conductivity of the LCs, the LC cell was modeled as RCR in series with the parallel combination of CLC and RLC. The semicircle in the Nyquist plot corresponded to the parallel combination of RLC and CLC. Moreover, the diameter of the semicircle reveals RLC, while its edge reveals RCR. In the low-frequency regime, the drift and diffusion of the ions were considered by adding the parallel combination of CDL and ZW. The straight line in the Nyquist plot corresponded to the parallel combination of ZW and CDL. Through measurement and numerical calculation, we confirmed that the equivalent circuit model is suitable for the fabricated LC cell and that the measured impedance can be fitted with high accuracy.
To analyze the origin of the optical performance degradation, we obtained the electrochemical impedance spectroscopy parameters of the equivalent circuit by using the measured impedance spectra. Each component of the equivalent model is shown in Table 1 . RCR was 404.7 Ω in the beginning. With time, RCR slightly increased to 498.9 Ω, owing to the electrode wear and tear. CLC was 2.447 nF in the beginning and did not change over time because the ionic materials did not affect the capacitance of the LCs. RLC was 18.48 kΩ at t = 0 and increased to 78.24 kΩ at t = 20 h. This implies that the conductivity of the LCs decreased because of the decrease in the number of ions in the LCs. As the number of ions in the LCs decreased, surface charges could not easily form near the electrodes under the applied electric field. CDL was 70.41 nF at t = 0 and decreased to 47.77 nF at t = 20 h. This implies a decrease in the content of space charges near the electrodes, owing to the decrease in the number of mobile ions. Furthermore, to evaluate the ion behaviors near the electrodes, we calculated the electrophysical parameters. The ion mobility µ and diffusion coefficient D can be calculated by using Equations (3) and (4), respectively, and fpeak, which can be obtained by using the results in Figure 8b . The surface concentration of the ions ns and thickness of the Nernst diffusion layer δN can be calculated by using the Warburg impedance elements Wsr and Wsc (Equations (6) and (7) , respectively). The physical parameters obtained by using the measured impedance spectra are shown in Table 2 . The ion concentration near the surface ns was 12.828 × 10 18 m −3 at t = 0, which increased to 18.260 × 10 18 m −3 at t = 20 h. This confirms that the ionic molecules in the LCs moved to the surfaces of the electrodes. The thickness of the Nernst diffusion layer was decreased from 3.4958 to 2.3582 μm for 20 h because the difference in ion concentration between the bulk and surface region was reduced. This led to decreases in the mobility and diffusion coefficient with time. Through the measurement of the parameters in the electrochemical impedance spectroscopy and electrophysical properties, we confirmed the optical performance degradation of the ion-doped LC cell caused by the ion accumulation at the surfaces of the electrodes with time. It led to decreases in the current, turbulence, and haze. To improve the long-term reliability, further study about the structure of the negative nematic LC and ion material is necessary.
Conclusion
We studied the degradation issue in the ion-doped LC cell for light-shutter applications. With the increase in time, the ion-doped LC cell exhibited a decrease in haze and became less uniform. To analyze the degradation with time, we measured the optical and physical characteristics and compared them to those of the pure LC cell. We confirmed that an ion-doped LC cell shows the ion drift and diffusion, and space charges near the electrodes. Through the measurement and numerical calculation, we confirmed that an equivalent circuit model can be used for the analysis of an iondoped LC cell and that the measured impedance can be fitted with high accuracy. With the increase in time, the bright region of the degraded ion-doped LC cell exhibited decreases in the haze, electrical double-layer capacitance, mobility, diffusion coefficient, and thickness of the Nernst diffusion layer, along with increases in the resistance and surface concentration of the ions. The number of accumulated ionic molecules at the surface of the electrode increased; however, the number of ionic molecules in the bulk region decreased, which led to the decreases in the current, turbulence, and haze. The measured variations in the optical and physical characteristics of the ion-doped LC cell demonstrated that its performance degradation was attributed mainly to the ion accumulation at the surfaces of the electrodes. 
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